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Abstract
Speech is a complex signal containing a broad variety of acoustic
information. For accurate speech reception, the listener must perceive
modulations over a range of envelope frequencies. Perception of these
modulations is particularly important for cochlear implant (CI) users,
as all commercial devices use envelope coding strategies. Prolonged
deafness affects the auditory pathway. However, little is known of
how cochlear implantation affects the neural processing of modulated
stimuli. This study investigates and contrasts the neural processing of
envelope rate modulated signals in acoustic and CI listeners.
Auditory steady-state responses (ASSRs) are used to study the neu-
ral processing of amplitude modulated (AM) signals. A beamforming
technique is applied to determine the increase in neural activity relative
to a control condition, with particular attention paid to defining the ac-
curacy and precision of this technique relative to other tomographies.
In a cohort of 44 acoustic listeners, the location, activity and hemi-
spheric lateralisation of ASSRs is characterised while systematically
varying the modulation rate (4, 10, 20, 40 and 80 Hz) and stimulation
ear (right, left and bilateral). We demonstrate a complex pattern of
laterality depending on both modulation rate and stimulation ear that
is consistent with, and extends, existing literature.
We present a novel extension to the beamforming method which
facilitates source analysis of electrically evoked auditory steady-state
responses (EASSRs). In a cohort of 5 right implanted unilateral CI
users, the neural activity is determined for the 40 Hz rate and com-
pared to the acoustic cohort. Results indicate that CI users activate
typical thalamic locations for 40 Hz stimuli. However, complemen-
tary to studies of transient stimuli, the CI population has atypical
hemispheric laterality, preferentially activating the contralateral hemi-
sphere.
∗Authors contributed equally.
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1 Introduction
Speech is a complex signal containing a broad variety of acoustic information.
For accurate speech perception, the temporal envelope of speech is partic-
ularly important (Shannon et al. 1995). The temporal envelope consists of
variations in the overall amplitude of the sound pressure wave, characterised
by rates of modulation between 2 and 50 Hz (Rosen 1992). More specif-
ically, modulation rates around 4 and 20 Hz are considered fundamental
for speech perception due to their relation with the rate of syllables and
phonemes, important phonological segments in speech (Edwards and Chang
2013). Envelope coding is used to convey information to CIs users, further
accentuating the importance of modulation sensitivity for this population
(Fu 2002, Wouters et al. 2015).
Given the importance of envelope rate modulations in speech, it is of
particular interest to understand where and how these modulations are rep-
resented and processed within the human auditory pathway. The capability
of the auditory system to process temporal modulations can be investigated
by means of ASSRs. ASSRs are neural responses evoked during auditory
stimulation with a temporally modulated stimulus, and reflect how well the
auditory system phase locks to the stimulus rhythm (Picton et al. 2003).
These evoked potentials have been linked to several perceptual outcomes,
ASSRs are used clinically to objectively determine frequency specific hearing
thresholds (Rance et al. 1995), and have also been related to speech percep-
tion (Dimitrijevic et al. 2004, Poelmans et al. 2012a). In CI users, EASSRs
have been used to predict hearing thresholds (Hofmann and Wouters 2012)
and related to modulation sensitivity (Luke et al. 2015).
A variety of imaging methods have shown ASSRs activate the entire au-
ditory pathway, with different modulation rates preferentially activating dif-
ferent pathway segments (Rance 2008). Higher modulation rates (& 80 Hz)
predominantly activate the brainstem, with lower rates (. 40 Hz) activating
the thalamus and auditory cortices (Reyes et al. 2004, Roß et al. 2000, Herd-
man et al. 2002, Giraud et al. 2000, Langers et al. 2005). Less is known about
the hemispheric lateralisation of modulated auditory stimuli, where changes
may represent variation in underlying functional relationships between differ-
ent processing centres (Langers et al. 2005). A right hemispheric preference
has been observed for 40 Hz ASSRs regardless of stimulation ear (Roß et al.
2000). 4 Hz modulated signals exhibit contralateral auditory cortex (AC) ac-
tivation for monaural stimulation (Langers et al. 2005), and right activation
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during bilateral stimulation (Hymers et al. 2010, Prendergast et al. 2010).
However, scalp level analysis indicates there may be additional richness to
this variation that is yet to be quantified on a source level (Poelmans et al.
2012a, Gransier et al. 2016). We hypothesise that source analysis of ASSRs
will reveal hemispheric lateralisation that is dependant on modulation rate
and stimulation modality.
Typical development of the auditory pathway is presumably beneficial
for speech perception, and is facilitated by providing auditory stimulation
within developmental sensitive periods (Kral and Sharma 2012). Unfortu-
nately, deprivation of auditory stimulation is accompanied by modifications
to the auditory system (Lazard et al. 2011) and reduced performance (Lazard
et al. 2012, Kral and Sharma 2012). The effect of reintroducing auditory
stimulation is less well known, investigation has been hindered by incompat-
ibilities between CIs and magnetic resonance imaging (MRI) (Majdani et al.
2009), and has required the development of alternative source analysis meth-
ods. Gilley et al. (2008) demonstrated reorganised cortical pathways using a
electroencephalography (EEG) sLORETA source reconstruction of cortical
evoked potentials. Wong and Gordon (2009) introduced an EEG beam-
forming method (Van Veen and Buckley 1988) for analysing the sources of
transient responses, this method was used to demonstrate unilateral implan-
tation results in contralateral dominance that can be mitigated with timely
bilateral implantation (Gordon et al. 2013). However, CI recipients primarily
rely on envelope cues transmitted via sustained modulations (Friesen et al.
2001). We hypothesise that similar to transient stimuli, enhanced contralat-
eral activation will be seen for modulated stimuli.
To summarise, we hypothesise that EEG beamforming will provide a mea-
sure with adequate sensitivity to reveal hemispheric lateralisation of ASSRs.
This methodology will reveal hemispheric lateralisation that is modulation
rate and stimulation modality dependent. Further, in the CI population we
hypothesise that enhanced contralateral activation will be seen for modu-
lated stimuli. Below we introduce the EEG beamforming method and quan-
tify the accuracy and precision with reference to other tomographies. In the
acoustically stimulated population, the location, strength and lateralisation
is characterised for modulation rates 4, 10, 20, 40 and 80 Hz with stimuli
presented monaurally to the left ear, monaurally to the right ear and bilat-
erally. This result is used as a baseline for which to compare the CI cohort.
With extensions to remove the CI artifacts, the beamforming method is ap-
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plied to five right ear implanted CI participants for the 40 Hz rate, and the
two cohorts are compared.
2 Materials & Methods
2.1 Participants
Two groups of listeners participated in this study. The first cohort comprised
of 44 acoustic hearing participants (5 male, mean age 22). All acoustic hear-
ing participants had audiometric thresholds below 25 dB HL on all octave
frequencies between 0.25 and 8 kHz and reported no history of language or
learning disabilities, brain injury or neurological disorders. The second co-
hort comprised of five CI, i.e. electrical, hearing participants (3 male, mean
age 61). All electrical hearing participants were Cochlear Nucleus CI users
with devices implanted in the right ear. Testing was approved by the Med-
ical Ethics Committee of the UZ Leuven (approval number B322201316755
for acoustic hearing participants and B32220072126 for CI participants) and
informed consent was obtained from all participants.
2.2 Stimuli
2.2.1 Acoustical Stimulation
Acoustic stimuli consisted of amplitude modulated speech-weighted noise
with 100% modulation depth, presented to the participants at 70 dB SPL
through ER-3A insert phones. The carrier noise was adopted from the ‘Leu-
ven Intelligibility Sentence Test’ and represents the long-term average speech
spectrum of 730 sentences of a female speaker (Van Wieringen and Wouters
2008). Five modulation rates (4, 10, 20, 40 and 80 Hz) were presented in
three modalities (monaurally to the left ear, monaurally to the right ear
and bilaterally to both ears). The broad range of modulation rates was
chosen to investigate ASSRs generated along the entire auditory pathway
from brainstem to AC. Additionally, 4, 10 and 20 Hz rates were chosen to
represent typical syllable and phoneme rates in speech (Greenberg et al.
1996, Greenberg and Takayuki 2004). The 40 and 80 Hz rates were selected
as they produce the largest scalp signal-to-noise ratios (SNRs) and are the
most commonly studied rates (Picton et al. 2003). Both uni- and bilateral
stimulation modalities were included, for it has been shown to significantly
affect lateralisation on source (Langers et al. 2005) and scalp level (Poelmans
et al. 2012a). A silence condition was also measured as a reference for the
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beamforming procedure. Each of the sixteen conditions was presented for 5
minutes in a randomised order.
2.2.2 Electrical Stimulation
Electrical stimulation consisted of amplitude modulated biphasic pulse trains
presented via the NIC research platform (Hofmann and Wouters 2010, 2012).
All stimuli were presented in bipolar mode, both the active and return CI
electrodes were located within the cochlea. Bipolar mode was used as it
induces shorter EEG artifacts than in monopolar mode, and which can be
removed on the ipsilateral side. In each participant three CI electrode pairs
were stimulated, a basal, middle and apical electrode pair. Ten min of EEG
were recorded per CI electrode pair. A pulse rate of 900 pulses per second
(pps) was used, to match the users daily clinical processor. Stimuli were
modulated between the threshold and comfort level as described in Luke
et al. (2015). A 40 Hz modulation rate was used as it has the highest
SNR and can be consistently detected in the CI population (Gransier et al.
2016, Luke et al. 2015, Deprez et al. 2017), and laterality results have been
established in the acoustic population (Roß et al. 2003).
2.3 EEG Acquistion
EEGs were recorded with a Biosemi ActiveTwo system using sixty-four active
Ag/AgCl electrodes mounted in head caps according to the 10-20 electrode
system. The use of electrode caps ensures consistent electrode spacing and
positioning. All recordings were administered in a double-walled soundproof
booth with a Faraday cage. Participants were asked to relax while watching
a soundless movie. Watching a movie prevents the participants from falling
asleep and ensures non-attentive listening to the auditory stimuli, thereby
controlling for possible effects of sleep and attention (Roß et al. 2003). To
avoid excessive movement or muscle tensions, participants were encouraged
to lie quietly and relax during auditory stimulation. The data was sampled
at a rate of 8192 Hz and saved for oﬄine processing.
2.4 Source Analysis
2.4.1 Beamforming
Beamforming was used to determine the increase in neural activity relative
to the silence condition. This method was inspired by Wong and Gordon
(2009), but applied in the frequency domain (Groß et al. 2001). Electrodes
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at the back of the head (P9, P10, P07, PO8, P7, P8, O1, O2, Oz and Iz)
often had a poor connection to the scalp, especially in participants with
longer hair, and were removed from all participants to ensure consistent
analysis. Recorded signals were referenced to the average before high pass
filtering from 2 Hz. Epochs of 1.024 s were extracted, and 10% of these were
rejected based on the peak to peak value. The Cross Power Spectral Density
(CPSD) at the modulation rate was calculated using the methods provided
by Gramfort et al. (2013, 2014), and used to calculate the Neural Activity
Index (NAI) as described by Van Veen and Buckley (1988). The NAI may
be interpreted as an estimate of the source to noise variance (Van Veen et al.
1997), a value of one indicates the source variance is the same in the control
and stimulus condition, a value higher than one indicates increased activity
in the stimulus condition relative to the control condition, a value less than
one indicates reduced activity in the stimulus condition relative to the control
condition.
For modulation rates 40 Hz and below, bilateral correlated generators
were expected. Correlated sources are known to cause errors in beamforming
techniques. To mitigate these errors, a bilateral region suppression technique
was employed Dalal et al. (2006). Additionally, subspace projection was used
to improve the SNR (Sekihara et al. 2001). An automated procedure was
used to detect dipoles. The automated procedure detected local peaks in the
NAI, and placed dipoles at these locations (Lemire 2006). No restrictions
were placed on the number of identified dipoles, figure 2 illustrates that the
number of dipoles was low and representative of the raw data. A realistic
finite element model was used for the leadfield [BESA GmbH]. To validate
the source analysis procedure, analysis was performed at frequencies off the
modulation rate, and visually inspected to ensure spurious sources weren’t
detected. Additionally, the accuracy and precision were investigated against
locations reported from other tomographies (section 2.5.1).
2.4.2 Resampling Analysis
Beamforming requires a minimum SNR to accurately estimate neural activity
(see section 2.5.1). To achieve this SNR, the CPSD matrices were averaged
across subjects, this also mitigates other sources of error such as variation in
cap placement and differences with the leadfield head model. Bootstrapping
was used to determine the variability of each estimate (Efron 1979), 10000
resamples were taken with replacement to obtain a measure of variation on
each estimate. For visualisation, and to observe if any one participant was
6
driving the results, jackknifing was also performed on the grand average data
(Tukey 1958).
2.5 Analysis Of EEG Data Elicited By Acoustical Stimula-
tion
2.5.1 Location Accuracy
The accuracy of the imaging technique was investigated by comparing the
location of extracted dipoles to previously reported ASSR locations. The
accuracy was determined for the 40 Hz modulation rate, as this is the only
modulation rate where locations have been reported using different meth-
ods. The average location reported by Reyes et al. (2004), Steinmann and
Gutschalk (2011), Reyes et al. (2005), and Teale et al. (2008) was used as
a reference location. The location difference was defined as the euclidean
distance between the determined location and the mean reference location.
Bootstrapping was used to obtain multiple distance estimates. To determine
a minimum required recording time, the distance to the literature location
was determined for increasing effective recording times. Different effective
recording times were simulated by varying the number of CPSDs included
in each bootstrap sample.
2.5.2 Description Of Neural Activity
Estimates of dipole locations, NAI and variability were calculated for each
modulation rate and stimulation modality. Additionally, a measure of hemi-
spheric laterality was calculated (Poelmans et al. 2012b, Gordon et al. 2013),
The Laterality Index (LI) was defined as LI = (R−L)/(R+L), where L and
R represents the NAI of the left and right dipole respectively, a value of -1
indicates completely left lateralised activity, a value of 0 indicates balanced
hemispheric activation.
2.6 Analysis Of EEG Data Elicited By Electrical Stimulation
The location, NAI and laterality were also calculated for the CI group. Due
to the limited number of participants a jackknifing procedure was used in-
stead of bootstrapping, this provided a method to determine if any single
participant was driving the results (Tukey 1958). To improve the SNR, the
CPSDs were averaged across CI electrode conditions. However, for illustra-
tive purpose the dipole locations for each condition are also shown in figure
8a.
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Figure 1: CI artifact removal example. A) Raw EEG measurement con-
taining CI artifact. B) Zoomed in view of data with dashed vertical lines
indicating clean samples used for blanking. C) Data after blanking and
filtering.
2.6.1 Electrical Artifact Removal
EEG data recorded from CI participants contains artifacts from the radio
frequency (RF) transmission and electrical stimulation. To mitigate the ef-
fect of these artifacts, two modifications were made to the signal processing
pipeline. First, blanking was used to remove the majority of the electrical
artifact (Hofmann and Wouters 2012, Deprez et al. 2017), this technique
was used as the raw signal was still required (Luke and Wouters 2016). Fig-
ure 1 illustrates the CI artifact removal process for an example recording. A
raw EEG measurement containing large CI artifacts is shown in figure 1A,
figure 1B highlights the samples between each artifact which are used for
interpolation in the blanking procedure. Figure 1C illustrates the measure-
ment after the blanking procedure and high pass filtering, the large abrupt
CI artifacts are removed from the data. Secondly, EEG electrodes touching
the CI were removed from analysis prior to the rereferencing step. To ensure
electrode removal did not affect laterality measures, mirror electrodes were
also removed from analysis. Two frontal electrodes were also removed as
they were noisy. In total, the additional removed electrodes were P5, P6,
P7, P8, F5, F6.
2.7 Comparison Of Groups
To determine if the electrical hearing group had similar neural activation
to the acoustic group, the NAI and laterality were compared. To ensure
that the additional signal processing in the CI group (i.e. electrical artifact
removal) did not affect the lateralisation index, the same processing was
applied to the acoustic hearing data in the 40 Hz right ear condition. 10000
resamples were taken from the reprocessed acoustic hearing group, providing
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a distribution of the LI for the acoustic population. The probability that the
CI LI was drawn from the acoustic distribution was then calculated.
3 Results & Discussion
3.1 Acoustic Analysis
Figure 2 shows the raw grand average source estimates for bilateral stimu-
lation at 40 and 80 Hz. The maximum NAI is shown along each dimension,
each point represents an analysed voxel, the color and size represent the
NAI. Blue squares indicate individual jackknife estimates, the mean of the
jackknife estimates is indicated with red markers. The reference literature
location is shown for the 40 Hz condition in green. The 40 Hz condition
shows two focal points of increased activity in the left and right hemisphere,
these points are 12 and 8 mm from the left and right literature location
respectively, little variation is shown across jackknife estimates. The 80 Hz
condition shows centralised activity with increased variation relative to the
40 Hz condition, the increased variation is due to the lower SNR and repre-
sents a greater region of uncertainty on the estimate.
3.1.1 Location Accuracy
The neural generators of 40 Hz ASSRs have previously been reported using
MRI (Langers et al. 2005), positron emission tomography (PET) (Reyes
et al. 2004), magnetoencephalography (MEG) (Roß et al. 2000) and EEG
(Herdman et al. 2002). Some studies predetermined the region of interest
(Herdman et al. 2002), while others investigated the entire brain (Reyes et al.
2004). In this study, beamforming was used as not to limit the analysis to
predetermined regions, and not place a-priori assumptions about the number
of active sources. Due to the low amplitude of ASSRs and novel application
of this imaging technique, particular attention was paid to quantifying the
accuracy and precision of the results.
The accuracy of the beamforming imaging technique was investigated rel-
ative to an averaged literature reference location. In total 44 participants
contributed 5 min of data per condition, totalling 220 min of recordings.
Bootstrapping on the entire 40 Hz data set produced an average distance
to the literature reference of 12.7 (SD 3.8) mm. This constant offset can be
seen in figure 2a and is likely caused by differences with the headmodel.
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(a) 40 Hz
(b) 80 Hz
Figure 2: Beamforming source estimates for 40 and 80 Hz bilateral stimula-
tion in the acoustic hearing group. The maximum NAI is shown along each
dimension. Each point indicates an analysed voxel. Point size and color
represent the NAI. Individual jackknife estimates are shown in blue, the
mean jackknife estimate is shown in red, the literature reference is overlaid
in green.
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Figure 3: Source analysis accuracy for 40 Hz condition, combining the three
stimulation modes, as a function of effective recording length. Left and right
facets represent the accuracy of the left and right hemisphere respectively.
By reducing the resample size we can simulate smaller effective recording
lengths, this is illustrated in figure 3. The distance to the reference location
reduces with increasing measurement time, and the location of the dipole
stabilises from approximately 50 mins. Greater accuracy is observed for the
right hemisphere, presumably due to the larger activation and thus increased
SNR. This is the expected level of accuracy that can be obtained with EEG
source analysis (Cuffin et al. 2001). Localisation improvements may be ob-
served with improved head models (Cho et al. 2015) or advanced imaging
techniques (Lucka et al. 2012, Hymers et al. 2010).
3.1.2 Description Of Neural Activity
Figure 4 shows the location estimates for all modulation rates, the mean lo-
cation and standard deviation is shown for each dimension. Central sources
were observed for the 80 Hz modulation rate, consistent with the expectation
of a brainstem generator (Herdman et al. 2002, Picton et al. 2003). Tha-
lamic activation was seen for the 40 Hz condition [see also section 3.1.1].
The coordinates of the 40 Hz sources were (-31, -26, 3) mm and (34, -24,
6) mm for the left and right sources respectively in the standard Talairach
coordinate system. For modulation rates below 40 Hz, the area of increased
NAI extended and became increasingly inferior and lateral, this is illustrated
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Figure 4: Source location of ASSRs for different modulation rates, averaged
across modalities. Color indicates the modulation rate. Error bars indicate
the standard deviation in each dimension.
(a) 4 Hz (b) 10 Hz (c) 40 Hz
Figure 5: Grand average source estimates for 4, 10 and 40 Hz modulation
rates presented to the right ear. Activity is focused for the 40 Hz condition,
and becomes increasingly inferior and lateral for lower modulation rates.
in figure 5. As the region of cortical activation has been shown to be essen-
tially the same across different AM rates (Giraud et al. 2000), the smooth
transition of source location below 40 Hz may indicate a transition from me-
dial geniculate body (MGB) to primary and secondary ACs that has been
smeared by the imaging technique. Coherent source suppression was used
to mitigate the effect of multiple generators across hemispheres (Dalal et al.
2006), but cannot be used within a small area due to the low spatial resolu-
tion of EEG. For low modulation rates, increased care should be taken when
interpreting a single dipole fitted to this broad active region, which is likely
composed of several generators. Given the observed precision of EEG ASSR
source analysis, we conclude EEG is an appropriate method for studying
hemispheric lateralisation effects.
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Figure 6: Distribution of source NAI values averaged over hemispheres.
Facets indicate different modulation rates and color represents stimulus
modality. The vertical axis represent the percentage of occurrences from the
bootstrapping procedure with 10000 resamples. The vertical line indicates a
NAI of 1, where the stimulus and control condition have equal activity.
Figure 6 summarises the NAI for each modulation rate and stimulation
modality. In this figure the activity was averaged over the left and right
dipoles, except for 80 Hz were a single source was identified. Bilateral stim-
ulation was found to have a constructive effect on the NAI for stimulation at
80, 40, 20 and 10 Hz, and an inhibiting effect for 4 Hz. The bilateral effect
has previously been observed on the scalp level for 4 and 80 Hz (Poelmans
et al. 2012b), however they reported no effect for 20 Hz. These results in-
dicate that the increase in activity during bilateral stimulation may not be
caused by additional brainstem processing, but by increased cortical activity.
Figure 7 summarises the hemispheric contribution for each modulation
rate and side of stimulation. Table 1 summarises the percentage of bootstrap
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Left Bilateral Right
4 Hz 73 79 7
10 Hz 3* 3* 12
20 Hz 24 41 83
40 Hz 99* 91 98*
Table 1: Percentage of bootstrap resamples with a LI greater than 0, indi-
cating a right hemispheric preference. A star indicates over 95% of resamples
were lateralised left or right.
samples determined to be right lateralised. Estimates were not obtained for
the 80 Hz condition as only a single source was extracted; however, significant
scalp level laterality has been shown for 80 Hz modulation rates (Poelmans
et al. 2012b, Vanvooren et al. 2014, 2015). A right hemisphere preference was
observed for 40 Hz modulation rates regardless of the stimulation mode, this
result is consistent with previous MEG observations (Roß et al. 2005). Con-
tralateral activation was observed for the 4 Hz modulation rate for monaural
stimulation, consistent with MRI observations (Langers et al. 2005) but con-
tradictory to scalp level EEG results (Poelmans et al. 2012b). A 4 Hz right
hemispheric preference was observed for bilateral stimulation, consistent with
MEG observations (Hymers et al. 2010, Simpson et al. 2012). The 10 Hz
modulation rate preferentially activated the left hemisphere. Whereas, 20
Hz activated the ipsilateral hemisphere for monaural stimulation, consistent
with scalp level EEG observations (Poelmans et al. 2012b). These results
are generally consistent with previous findings across imaging techniques,
illustrating EEG source analysis provides the sensitivity required to study
hemispheric lateralisation effects. This result indicates that even though the
neural processing locations are similar for different modulation rates (Giraud
et al. 2000), underlying functional networks may differ across speech enve-
lope features. By systematically varying modulation rate and stimulation
mode within a single cohort, we have shown that large LI differences can be
found for closely spaced low frequency AM stimuli. This highlights that par-
ticular attention should be paid to both modulation rate and presentation
ear when studying envelope processing.
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Figure 7: Distribution of source laterality values for different modulation
rates and stimulation conditions drawn a bootstrapping procedure with
10000 resamples. Facets represent modulation rate, color represents stim-
ulus modality.
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3.2 Electrical Analysis
The CI cohort comprised of five listeners implanted in the right ear. 50 min of
data was measured for each of the three CI electrode pairs, totalling 150 min
of measurements, enough data to obtain accurate source estimates [section
3.1.1]. EEG recorded during CI stimulation contains artifacts that must be
removed prior to further signal processing. Due to the continuous nature
of the steady state response, removal of artifacts is particularly difficult.
EASSRs were consistently measured by Hofmann and Wouters (2010) using
a blanking method, later by Luke and Wouters (2016) using a Kalman filter,
and Deprez et al. (2014) using ICA. The blanking method of CI artifact
removal is demonstrated in figure 1. As a sanity check, the beamforming
technique was also applied to recordings without blanking, this resulted in
a single extremely large point source at the location of the CI. The effect of
deafness and sensitive periods has been investigated using transient cortical
and transient evoked potentials on scalp and source level (Gordon et al. 2013,
Kral and Sharma 2012, Gilley et al. 2008, Sharma et al. 2009). However,
EASSRs have particular perceptual relevance due to the similarity with CI
envelope coding strategies, clinical pulse rates, and relations with prominent
oscillations in the speech envelope.
3.2.1 Description Of Neural Activity
Figure 8a shows the NAI estimate for the electrical hearing group, dipole
locations are illustrated for apical, middle and basal CI electrode conditions,
as well as all data combined. The remainder of results are for the combined
data. A source was consistently identified in the left hemisphere with NAI
similar to the 40 Hz acoustic hearing population. No clear right source was
identified, for laterality calculations a right source was placed in the mirror
location to the left source. The coordinates of the 40 Hz left sources were (-
39, -13, 10) mm in the standard Talairach coordinate system, the coordinates
of the mirrored right source were (39, 13, 10) mm. To ensure the additional
signal processing steps did not affect the NAI or LI measures, the acoustic
hearing group was reprocessed with exactly the same processing as the CI
cohort. Figure 8b shows the estimate the for normal hearing cohort with
blanking and electrode removal. The location and lateralisation are similar
to section 3.1, however the estimate has a lower resolution due to the reduced
temporal and spatial sampling.
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(a) Cochlear Implant
(b) Acoustic Hearing
Figure 8: 40 Hz ASSR NAI estimates for CI and acoustic listeners with
identical preprocessing. CI users are implanted on the right ear, for the
acoustic hearing group stimuli are presented to the right ear. Dipoles are
shown for apical, middle and basal CI electrodes, and for all data combined.
Green markers indicate the acoustic hearing literature reference locations.
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3.3 Comparison Of Groups
The CI cohort laterality index was -0.32, with jackknife standard deviation
of 0.11, this is illustrated by the vertical line and shading in figure 9. The
reprocessed acoustic hearing cohort laterality index was 0.19 (SD 0.09), il-
lustrated as a distribution in figure 9. The probability the CI LI was drawn
from the acoustic cohort distribution was < 1%.
This result contributes to understanding how unilateral implantation af-
fects the auditory pathway after a period of auditory deprivation. Minimis-
ing the period of auditory deprivation prior to implantation improves speech
perception (Boons et al. 2012, Lazard et al. 2012), but the neural mecha-
nisms underlying this relation are still under investigation (Kral and Sharma
2012). Hemispheric asymmetry of auditory processing has been studied in
humans with typical hearing (Schonwiesner et al. 2007) and unilateral deaf-
ness. Unilateral deafness does not affect the lateralisation of activity at
the brainstem level (Langers et al. 2005). Changes to cortical lateralisa-
tion have been observed for people with unilateral deafness. Ponton et al.
(2001) demonstrated a difference in long-latency auditory evoked potentials
between normal hearing and unilateral deaf listeners, they suggested this dif-
ference was caused by changes in the generators producing the N1 potential.
Additionally, source modelling of long-latency responses has shown reduced
hemispheric asymmetry for listeners with unilateral deafness relative to nor-
mal hearing controls, particularly for participants with left ear unilateral
deafness (Khosla et al. 2003). Burton et al. (2012) further demonstrated the
effect of ear on hemispheric asymmetry in unilaterally deaf listeners. This
study investigated a group of right implanted unilateral CI users. Given
the observed effect of ear in studies of unilateral deafness, future CI studies
of hemispheric asymmetry should consider side of implantation as a factor
in their analysis. Hemispheric asymmetry has also been investigated for
cochlear implant users. Gilley et al. (2008) illustrated children implanted af-
ter seven years develop reorganised cortical pathways, as the source location
of the CI group was different to the normal hearing controls. This was not
observed in our data, possibly as all participants became deaf postlingually.
Gordon et al. (2013) used EEG to analyse the neural generators of the low
rate P1 complex and observed increased contralateral activity for users with
more than 1.5 years unilateral use. However, CIs encode the speech envelope
using high rate modulated pulse trains, the EASSR stimulus is designed to
be similar to clinical stimuli. Our results complement Gordon et al. (2013),
preferential contralateral activation for both transient and sustained neural
18
Figure 9: Comparison of 40 Hz laterality between acoustic hearing and CI
group. The distribution of occurrences is shown for the acoustic hearing pop-
ulation, determined via bootstrapping with 10000 resamples. The vertical
line represents the mean electrical hearing laterality, the shading represents
the jackknife estimate standard deviation.
evoked responses indicates that the auditory pathway is altered in unilateral
CI users to favour the contralateral side relative to acoustic listeners.
4 Conclusion
This study investigated if unilateral CI users process speech envelope like
stimuli similarly to the acoustic hearing population. A method of source
analysis was presented and the accuracy and precision were investigated.
The neural generators of AM ASSRs where characterised in an acoustic
hearing cohort, locations and lateralisation matched and extended findings
from other tomography’s.
A novel beamforming extension was introduced which facilitated source
analysis of EASSRs. The neural generators of 40 Hz EASSRs were deter-
mined for a group of five CI patients. Results indicated exaggerated con-
tralateral activation for CI users relative to the acoustic hearing population,
complementing results from transient stimuli studies. This is the first study
characterising the location and hemispheric laterality of neural generators of
ASSRs to low-rate speech envelope modulations using monaural and bilateral
stimuli.
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